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Poikilodermatous mycosis fungoides and atrophic large-plaque parapsoriasis exhibit similar abnormalities of T-cell antigen expression. Arch Dermatol 124:366-372, 1988 Reduced glutathione (GSH), a cysteine-containing tripeptide, has been assigned an important role in the cellular defense against free radicals and oxidative injury, in detoxification processes, and in the protection of the cell against radiation damage (7-6). It is the most abundant intracellular nonprotein thiol, and the average cellular content amounts to 0.5-10 mmol/L (7, 5) .
It has been demonstrated that depletion of intracellular GSH in vitro enhances the cytotoxicity of several chemotherapeutic agents, e.g., melphalan (6,9-77), doxorubicin {4,12), cisplatin (13,14) , mitomycin (75), and cyclophosphamide (75-77). It has also been shown that tumor cells obtained from a patient with ovarian adenocarcinoma after the onset of resistance have significantly higher levels of GSH than those obtained before onset of resistance (75). In vitro studies have further demonstrated that resistant cells can be sensitized by depleting GSH using the metabolic inhibitor buthionine sulfoximine (8, 10, 13, 19) .
These findings show that pharmacological modulation of cellular GSH content may alter the sensitivity toward several cytotoxic drugs, pointing to the possibility that physiological changes in cellular GSH content may be an important determinant for the susceptibility of both normal and malignant cells to such agents. This situation is exemplified by the findings of Behrens et al. (20) , who demonstrated that the cellular GSH content was higher in monolayer cultures of cisplatin-resistant cells having a greater growth rate than in the nonresistant parent cell line and that the difference in GSH content was greatest at the earliest time after plating.
Cell-cycle, phase-dependent differences in the effects of cytotoxic drugs are well documented (75). Rapidly proliferating cells are usually more sensitive to cytotoxic drugs than quiescent cells (2122), although dividing hematopoietic cells have been reported to develop resistance to cytotoxic agents and carcinogens (2324). In these last two studies, the role of GSH was not evaluated.
In current cancer treatment, bone marrow suppression represents the main dose-limiting factor (25) and is increasingly seen because of the more frequent use of dose-intensive and combination therapy. Several ways of circumventing this problem are being explored, such as bone marrow transplantation (autografting or allografting) (26), use of recombinant human hematopoietic growth factors (granulocyte-macrophage colonystimulating factor/granulocyte colonystimulating factor) (2728), and retroviral transfer of the MDR1 gene (also known as PGY1) to primary hematopoietic progenitor cells (murine studies) (29). Information is lacking, however, about GSH homeostasis in bone marrow as a critical normal tissue in humans with regard to cytotoxic chemotherapy. It is therefore important to measure the level of glutathione in human bone marrow to evaluate its detoxifying capacity and to relate it to proliferative activity, i.e., DNA synthesis.
Subjects and Methods

Chemicals
A'-Ethylmaleimide, yV-ethylmorpholine, dithioerythritol, GSH, and oxidized glutathione were obtained from Sigma Chemical Co., St. Louis, Mo. Sodium borohydride was from Fluka Chemie A.G., Buchs, Switzerland. Dimethyl sulfoxide, hydrogen bromide, 5-sulfosalicylic acid (dihydrate), perchloric acid, acetic acid, and methanol (for chromatography) were purchased from Merck A.G., Darmstadt, Federal Republic of Germany. Monobromobimane was from Calbiochem-Behring Corp., La Jolla, Calif.
Subjects
From February 1988 to August 1988, we investigated the GSH content and the fraction of cells in DNA synthesis in the bone marrow of 10 healthy male volunteers (mean age = 30.7 years; range, 19-43 years). The volunteers had given their informed written consent to enter the study. The study was approved and performed in accordance with the guidelines of the regional medical ethics committee.
All the individuals had followed a regular diumal rhythm for at least 3 weeks before the experiment. The experiment started at 1200 or 1600 hours. The subjects continued their usual activities during the study period, apart from the sampling periods. They went to sleep after the 2400-hour sample was taken but were awakened for the 0400-hour sample. Their regular diurnal rhythm was validated by the determination of cortisol levels at every sampling time point. The cortisol levels showed the usual circadian pattern for all individuals, i.e., high levels in the morning and low levels in the evening.
Protocol
Bone marrow was sampled every 4 hours during one 24-hour period (total of seven samples) and was drawn by puncturing the sternum and the anterior iliac crests. The sequence of sampling from different sites was randomized to reduce possible site-related variations in the parameters measured. To exclude that variations could be attributed to dilution of the samples caused by local bleeding at the puncture site, we performed differential counts on smears from all samples. No sample had to be discarded because of an unacceptably large peripheral blood admixture; i.e., all smears were characteristic of bone marrow (results not shown).
Procedure for Bone Marrow Sampling and Handling of Samples
No medication was given before samples were taken. The area of the puncture site was infiltrated with a local anesthetic (lidocaine, 20 mg/mL; Astra Pharmaceutical Products, S0dertalje, Sweden). Bone marrow (0.2 mL) was aspirated into a 5-mL syringe, and two droplets of the aspirated sample were immediately put into liquid nitrogen for determination of GSH levels. One droplet was stained for flow cytometry by adding it to 2 mL ice-cold staining solution consisting of ethidium bromide, detergent, and RNase (direct staining), according to the method described by Vindel0v (50). The tube was sealed, and the solution was shaken before being placed in an ice bath for at least 10 minutes. Another droplet was placed onto each of two microscope slides that were tilted in order to let the blood run down and thereby increase the fraction of marrow elements. The marrow elements were then immediately removed from the slides and stained in the same way (indirect staining).
Flow Cytometry
The cytogram and histogram of the two single-cell suspensions were analyzed on a Cytofluorograf 50H, interfaced to a Model 2150 Computer (Ortho Diagnostic Systems, Inc., Westwood, Mass.), as previously described (31-33). We evaluated the fraction of cells in DNA synthesis (S phase) by taking the mean value of the S phase of the two differently stained samples at each time point. The mean coefficient of variation of the DNA histograms was 3.3%.
Determination of GSH and Oxidized Glutathione Plus Soluble GlutathioneMixed Disulfide
Two droplets of bone marrow that had been frozen in liquid nitrogen were extracted within 3 days after sampling with 1 mL of ice-cold 5% 5-sulfosalicylic acid containing 50 \xM dithioerythritol, and the precipitated protein was removed by centrifugation. This protein precipitate was prepared for subsequent protein determination as described below. GSH and oxidized glutathione plus soluble glutathione-mixed disulfide were determined in the acid extract by a previously published method (34).
Determination of Protein
The acid-precipitated protein (See above) was dissolved in 500 U. L concentrated dimethyl sulfoxide followed by the addition of 500 (iL distilled water. After thorough blending, aliquots were withdrawn and further diluted (1:15) with distilled water. This mixture was analyzed for protein according to the method of Bradford (35) using the Bio-Rad Protein Assay Kit (Bio-Rad Laboratories, Richmond, Calif.). Bovine y-globulin was used as the protein standard. We verified that dimethyl sulfoxide in the concentration used did not interfere with the protein assay. The results (not shown) indicated that concentrations of dimethyl sulfoxide less than 10% in the standard solutions (<0. 1 % in the final solution) do not interfere with this protein assay. This concentration is well above the one used (3.3% in the standard solution, 0.033% in the final solution).
Statistical Analysis
Data were analyzed by Student's t test (paired, two-tailed) and one-way analysis of variance (ANOVA). Spearman rank correlation coefficients were computed, and tests were done to determine whether the r value differed from zero. In addition, circadian rhythm data obtained for each individual and for each group were analyzed by a computerized inferential statistical method involving the fitting of a 24-hour cosine curve by the method of least squares (36). The primary disadvantage of the cosinor method is that the fitting is sensitive to an asymmetrical shape of the time series data (37). For this reason, the cosinor procedure may not accurately represent the characteristics of the actual time-dependent variation. However, the procedure is useful for assessing the presence of periodicities.
Results
Glutathione Content and DNA Synthesis
We measured both reduced and oxidized glutathione in the bone marrow samples. The oxidized form accounted for less than 10% of the total glutathione, i.e., reduced plus oxidized form. The critical step in the determination of glutathione and its different forms is the time between tissue sampling and analysis or freezing in liquid nitrogen. Analysis of a bone marrow aspirate, which has been instantly frozen in liquid nitrogen and stored either in this medium or at -80 *C, gives practically the same values as an immediate analysis of a fresh aspirate. We have found that this is also the case with other tissues, such as liver and kidney, as well as with cells grown in culture (e.g., C3H/10TV!> Cl 8 and Cl 16 mouse embryo fibroblasts). In addition, the GSH-to-oxidized glutathione ratio is preserved.
The average GSH content from seven consecutive bone marrow aspirations sampled at 4-hour intervals from the same individual during a 24-hour period varied between 1.94 and 3.27 nmol/mg protein, i.e., a difference of 68.6% between the lowest and highest individual average GSH contents. The single lowest and highest GSH contents measured were 1.53 nmol/mg protein and 3.75 nmol/mg protein, respectively, i.e., a difference of 145.1%. The individual data are given in Table 1 . The mean GSH content (± SE) for all 10 subjects was 2.54 ± 0.06 nmol/mg protein, representing 70 measurements. The average value for the fraction of cells in the DNA synthesis phase at the seven time points during the 24-hour sampling period measured by flow cytometry varied between the subjects from 10.6% to 14.5%.
No statistically significant difference was found for GSH content, DNA synthesis phase, or cortisol level measured 24 hours apart.
Circadian Variation in GSH Content
For each subject, we observed a circadian stage-dependent variation in GSH content from 31.0% to 90.2% (mean, 51.4%) compared with the lowest value. However, only one subject (BS) had a significant circadian rhythm detected by a single cosinor analysis (P = .03), while another individual (MJ) had a marginally significant rhythm (P = .09) ( Table 1) . When the data from all subjects were pooled, there was a trend toward increasing GSH contents from midnight until 1200 hours. By single cosinor analysis of the population mean, this circadian variation was marginally statistically significant (P -.055) with the time of highest concentration (acrophase) found to be at 0835 hours, and the time of lowest concentration (trough) at 2035 hours (Table 1) .
Circadian Variation in DNA Synthesis
Each subject also demonstrated a circadian stage-dependent variation of the DNA synthesis phase, with a mean variation of 126.6% (range, 48.9%-274.0%) relative to the lowest value. The DNA synthesis-phase estimation was based on the mean values obtained from the directly and indirectly stained bone marrow cells, with both methods giving corresponding results (i.e., both demonstrated the same circadian variation for each individual and for the pooled data). Thus, in addition to the analysis of two bone marrow samples by flow cytometry at each time point, the demonstration of the same circadian variation by both methods of analyzing the samples corroborates the validity of the flow cytometric bone marrow circadian analysis. A one-way ANOVA between time points for the DNA synthesis resulted in P<.05 when variations were analyzed as percentages of the mean, with highest values found during the day compared with the night. The largest difference was observed between 1600 hours and 2400 hours (P<.0l). Single cosinor analysis resulted in a circadian rhythm detection, with an acrophase at 1317 hours and a trough at 0117 hours (P -.055), i.e., the variation in GSH content preceding that of DNA synthesis by about 4.5 hours.
Relationship Between Glutathione Content and DNA Synthesis
For all 10 subjects, there seemed to be a covariation (i.e., a similar circadian rhythm) between GSH concentration and DNA synthesis phase according to circadian stage, either demonstrating a nearidentical covariation or a slightly phase-shifted near-identical covariation. This covariation is shown in Fig. 1 for all the single individuals; both parameters demonstrated either the same phasing at most time points for five of 10 subjects or a different phasing in time with a difference of ± 4-8 hours. When adjusting for the phase difference for five of the 10 subjects, we found a close correlation between each subject's GSH content and DNA synthesis phase (Table 2) , with a statistically significant correlation for the pooled data (r = .40; P = .001; n = 61). An even closer relationship was demonstrated when one highly deviating pair of values (GSH/DNA) at one time point during the 24-hour period for seven of 10 individuals was not taken into consideration. These values were not considered because in these cases all but one time point demonstrated a near-identical circadian stage-dependent covariation or a near-identical slightly phase-shifted circadian stage-dependent covariation between GSH content and DNA synthesis phase. The individual correlation coefficients in these cases are also shown in Table 2 . The mean and median r values for all 10 individuals were then .77 and .82, respectively. As can be seen from Fig. 2 , the pooled GSH values showed a highly significant correlation with the DNA synthesis phase when the few above-mentioned time points were discarded (r = .63; /><.0001; n = 54).
The curves for the pooled raw data are shown in Fig. 3 to indicate the close covariation for the average GSH content and DNA synthesis phase when the DNA synthesis phase was shifted 4 hours backward in time. A peak value for the GSH content was observed at 1200 hours for two registrations and was followed by a decrease in GSH content during the afternoon and evening.
Discussion
After repeated measurements during a 24-hour period, the mean GSH content in human bone marrow was found to be low. This finding is in accordance with murine data reported by others (4,1738) . The highest values of GSH content in human bone marrow were still lower than the average GSH content in other normal and tumor tissues in rodents and humans. In rodents, five to more than 10 times higher levels of GSH have been measured in many normal organs compared with the levels in the bone marrow (4, 17, 1939) , the difference being even greater when compared with the levels in malignant tumors (38, 40) . In addition, some human tumor cells, and especially cells with acquired or de novo multidrug resistance, contain high concentrations of GSH (3, 8, 41, 42) . The low GSH content in the bone marrow may, therefore, suggest a limited capacity of the GSH-dependent detoxification mechanisms in this tissue, which could be related to the high sensitivity of human bone marrow to many cytotoxic drugs.
Less than 10% of the glutathione content in bone marrow was oxidized. This finding implies that the circadian variations do not reflect different degrees of oxidation of glutathione in vivo. It also excludes improper sample handling causing glutathione oxidation as a source of erratic results. We avoided the problem of oxidation, which could contribute substantially to variations in GSH during a 24-hour period, by analyzing samples of total bone marrow immediately placed in liquid nitrogen. The circadian changes in total glutathione content are, therefore, probably due to variations in glutathione biosynthesis and utilization.
Possibly, an admixture of red blood cells (RBCs) could contribute to the GSH content measured, as may be indicated by preliminary results (data not shown). These results correspond with data from murine studies in which the GSH content in RBCs was reported to be somewhat lower than that of nucleated bone marrow cells (4). The measured GSH content in our study (including RBCs) is a little higher than the reported GSH content of nucleated bone marrow cells in mice, but it is in accordance with other reports of GSH content in bone marrow (See earlier). Finally, all the bone marrow samples used for GSH determination in our study were harvested in the same way by immediately putting two droplets of the initial sample of 0.2 mL bone marrow into liquid nitrogen. This technique also minimized variations resulting from different handling of varying amounts of RBCs in the samples. In agreement with *Linear correlation coefficient for all time points during a 24-h period for the actual subject.
fLinear correlation coefficient for all time points but one during a 24-h period for the actual subject. Fig. 2 . DNA synthesis related to GSH content when data at various time points from all subjects were pooled and adjusted for difference in phasing and when the few time points were discarded as explained in the text. the data of Bellamy et al. (43) , our data indicated a higher level of glutathione in the morning than in the evening. When data for all time points were pooled, a slightly higher DNA synthesis was found in samples taken from the sternum than in those taken from the iliac crests. This finding was most likely due to more blood in the samples obtained from the iliac crests. However, the mean contents of GSH sampled from the sternum and iliac crests showed no difference.
The GSH-depleting agent buthionine sulfoximine enhances the hepatotoxic and nephrotoxic effects of some alkylating agents (44). The lower GSH content in total bone marrow cells than in other normal and malignant tissues may indicate a unique response of the bone marrow to GSH-depleting agents, suggesting that depletion of GSH in tumors may not lead to an increased toxicity to the bone marrow, due to this tissue's basically low level of GSH. This possibility is supported by the observation that buthionine sulfoximine induces only a moderate reduction of GSH in mouse bone marrow and no sensitization toward cyclophosphamide (17). Likewise, buthionine sulfoximine has been shown not to sensitize bone marrow cells toward melphalan, as assessed by the granulocyte-macrophage colony-forming unit assay (38,45) and had no effect on stem cell colony-forming unit survival and peripheral white blood cell counts following melphalan treatment (46). Shaw and Chou (47) have earlier demonstrated a positive relationship between increased proliferation and increased GSH content in 3T3 fibroblasts, as has also been shown in another study of monolayer cultures of cisplatin-resistant and nonresistant cells (20) . In the first study, it was found that an elevation in GSH content was required for maximum induction of DNA synthesis. Recently, it was further demonstrated that tumor cells grown as in vitro cultures in the exponential growth phase have a considerably higher GSH content than tumors found in situ (40). In accordance with these data, our study demonstrates within the same subjects a relatively close circadian stage-dependent covariation of GSH content and fraction of cells in DNA synthesis phase in human bone marrow, either demonstrating the same phasing or being slightly phase shifted. This finding is reflected in a statistically significant correlation between GSH content and fraction of cells in DNA synthesis when half of the cases are adjusted for the phase difference observed. This covariation is even more pronounced when one out of five to seven data points in seven of the individuals is not considered. This procedure may of course be discussed. However, because blood contamination might contribute to a deviation of one single pair of GSH/DNA values from an otherwise close relationship, the procedure might be justified. The very high correlation coefficient for these seven individuals when this procedure is done is intriguing. Moreover, the correlation was also statistically significant when none of the data points were left out (P -.001).
In addition, evaluation of the pooled data according to circadian stage showed a close covariation between the mean values for GSH content and DNA synthesis when the DNA synthesis phase was shifted 4 hours backward in time; i.e., the variation in GSH content precedes that in DNA synthesis by about 4 hours. The observed circadian variation in DNA synthesis is in accordance with earlier preliminary reports (48-50). The absolute changes in mean values were smaller due to different phasing of each parameter between individual subjects, the circadian variation being only marginally significant for GSH by single cosinor analysis.
Our findings agree with previous reports demonstrating a relation between GSH content and DNA synthesis when cells are activated into cell-cycle progression or are in exponential growth (20, 40, 47) . These observations may support the theory that an elevation in the intracellular GSH content is a signal by which quiescent cells are activated into cellcycle progression (5). However, since the timing was not always identical for the two parameters, this relationship may also be indirect and not causal.
It is possible that an increased GSH content may offer some protection against some agents in hematopoietic cells. Consequently, an interindividual difference between the lowest and highest mean GSH contents of almost 70% and an observed difference of 145.1% between the single lowest and highest GSH contents, could imply a predictive role of GSH content for the individual with regard to bone marrow toxicity.
The relatively large individual circadian stage-dependent variation observed in bone marrow GSH content and its relationship to cell proliferation could thus be considered a possible determinant of bone marrow suppression induced by cancer chemotherapy in humans. However, the near-identical circadian stagedependent covariation between GSH content and cells in the DNA synthesis phase might theoretically neutralize each other. Which one of these parameters will be the most important may depend on the actual cytotoxic drug used. The larger and more consistent circadian stage-dependent variation seen in the DNA synthesis indicates that the proliferative status of the bone marrow may be the most important single factor of these two parameters to be taken into account for drugs having a major effect on DNA synthesis. Potentiation of melphalan cytotoxicity in
